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Using e-beam mapping to detect coil misalignment in NCSX

E. Fredrickson®, A. Georgiyevskiy?, V. Rudakov?, M.C. Zarnstorff*

'Princeton Plasma Physics Laboratory, Princeton, NJ,
Z Ingtitute of Plasma Physics, National Science Center

“ Kharkov Ingtitute of Physics and Technology” , Kharkov, Ukraine.

Following assembly of the NCSX device, a program of e-beam mapping experiments is
planned to validate the accuracy of the construction and assembly of the NCSX coil systems.
To aid in the development of requirements for the e-beam mapping hardware and machine
requirements, simulations of the e-beam mapping experiments, including various cail
misalignments, have been done. The magnetic flux surface configuration was constructed using
anumerical code, based on the Biot-Savart law, to caculate the magnetic field components and
trace the field line trgjectory many times around the torus. Magnetic surfaces are then mapped
by recording the field line intersections with toroidal cross-sections of the magnetic system,
much asin an actual e-beam mapping experiment.

The NCSX coils were designed to provide good magnetic surfaces at high beta with
significant bootstrap current. The coil set includes separately powered modular, toroidal, and
poloidal field coils, and can produce a wide range of magnetic configurations. Many of the
vacuum field configurations with low order rationa surfaces have stellarator-symmetric islands
present. In particular, configurations with an v = 0.5 surface are found to be most sensitive to
coil alignment errors and typically have a stellarator symmetric 3/6 island chain (the v = 1/3
surface has been found to be much less sensitive to coil alignment errors). Nevertheless, despite
oaor2402 the presence of these idlands, configurations have
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Fig. 1. K,=1.05, B,=6.47% (without challenge. Some progress in this regard has
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) been made through the recognition that many
tmax=0.508, 1-st module displaced 1 mm.

useful vacuum configurations may be created by
energizing only a subset of the field cails, e.g., many configurations with good surfaces may be



created using only the modular and toroidal field coils. Thisallows usto test first the alignment
of the the modular and toroidal field coil systems without introducing potential error fields from
the poloidal field coils. The situation is further improved in that most configurations are
relatively insensitive to even moderately large toroidal field coil alignment errors. Thus, the e-
beam mapping experiments are envisioned to begin with a vacuum configuration using only the

modular and toroidal field coils.
An example of the potential sengitivity to coil alignment errorsisthe configuration shown in
Fig. 5. Inthis configuration, the toroidal field coils provide roughly 5% of the toroidal field,
just enough to introduce an « = 0.5 surface. In
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this calculation, a single module has been linearly
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R(M) scaling. Following this scaling, a 0.5 mm
Fig. 2. K, =113, B,(1.4)=10.5%, displacement should result in an easily detectable

to = 0.454, 1, = 0.52, Toroidal Coil 1
tilted with angle 24’.

14 mm displacement of the separatrix near the
island X-point. Previously achieved spatial
resolution with the luminescent rod method" of the e-beam mapping were of order 5 mm.

The e-beam mapping is similarly sensitive to displacements of the poloidal field coils. In
Fig. 2 is shown a Poincaré plot for a
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configuration which is sensitiveto poloidal fidd ~ ©3 o

coil misalignments. For illustration, in this -z,v_/{’-" o v-] 24 mpm
calculation the toroidal field coil was tilted by N' )P\;‘/

24’ (which corresponds to approximately a  “( :

7mm displacement). The flux surface near the Y L

separatrix is displaced by about 10 mm at four S

of theidand X-points. For comparison, in Fig. L=

3 is shown the same configuration, but insteed 037 15 17 19 51

with the poloidal field coil tilted by only 2'  Fig 3 K =113, B, 2"0.5%,

(about 1.2 mm). In this example, the idand ¢, = 0.454, ¢, = 0.52. PF6(upper) tilted
separatrix is displaced by about 25 mm. In with an angle of 2'.

general, displacements of the poloida field coils by less than 1 mm should be readily detectable.



The PF5 and PF6 coil pairs (the larger poloidal field coils) can be studied separately
(without the PF3 and PF4 coils energized), and with even a single PF6 cail, a configuration can
be created which has closed flux surfaces sensitive to coil misaignments. However, the
misalignment of the PF3 and PF4 must be studied in conjunction with PF5 and/or PF6. Thus
the e-beam mapping experiments will first verify the alignment of the modular coils, then PF5
and PF6, followed by PF4 and PF3. Then configurations will be studied to document the

toroidal field coil aignment accuracy.
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Fig. 4. 1dand structurenlevol ution for
vertical field strength of a) 9.84%,
b) 10.06 and c¢) 10.2% of the toroidal
fied.

There is generally less sensitivity to
displacements of the toroidal field coil, which is
advantageous for both the study of poloidal and
modular coil displacements, as well as for
plasma operations. A novel approach to
improve the sensitivity to toroidal field coail
alignment errorsis to energize a subset of the
toroidal field coils at higher current. By using
half of the toroidal field coils, at twice the
current, it is possible to detect alignment errors
of lessthan approximately 1 mm.

To further improve the e-beam mapping
sengitivity to toroidal field coil aignment errors,
a configuration where the vacuum islands are
absent, and which contains an v = 0.5 surface
has been identified. In Figs. 4a-c are shown
three Poincaré maps illustrating the dependence
of the 3/6 island phase on vertical field. The
vertical field strength for each of these three
calculations is a) 9.84%, b) 10.06% and
c) 10.2% of the toroidal field. As the vertical
field is increased, first the 3/6 island chain
disappears, leaving behind a 6/12 isand chain,
then the 3/6 islands reappear, but shifted in
phase by 180°.

The configuration in Fig. 4b with the
relatively small islands would appear to be
attractive for e-beam mapping experiments. In

Fig. 5ais shown this configuration with one of the eighteen toroidal field coils tilted by 12’. In
this example the flux surface is displaced by an undetectable amount. Increasing the poloida



field dlightly, and using only nine toroidal field coils at twice the current, Fig. 5b, however
resultsin aconfiguration senditive to the toroida field coil tilt. The flux surface in this case is
displaced by = 20 mm. Assuming the square root scaling, then a deflection of a toroida field

coil of less than 1 mm should give greater than 03 4032002
s @)

10 mm displacement of the flux surface.

The island-null configuration less sensitive
to poloidal field coil tilts than the configuration 2y ik
inFig. 3. Asseen in Fig. 5¢c where a PF6 cail 0.0
wastilted by 6, the result was a /2 island with ;
a width of about 33 mm. While this is
acceptable sengitivity, recall that in the previous
configuration, atilt of only 2’ resulted in a25 :
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; eole iz, c
blur this region in the e-beam mapping - _
experiments.

Partly motivated by these observations, we
have also investigated the possibility of
performing the initial e-beam mapping (and
possibly start-up) studies in NCSX using two
or fewer power supplies for the coils in the
magnetic system (18 MC + 6 PFC + 18 TFC).
For example, the configurations studied so far

2.1

R(m)
Fig. 5. Resonse of the null-island
configuration to coil tilts: a) TF coil tilted
used a separate power supply for each of the by 12, b) TF cail tilted by 12', 9 TF coils
at twicethe current, c) PF6tilted by 6'.

three types of modular coils. There is a
potential advantage of minimizing the
complexity and cost of the initial mapping phase. More importantly, reducing the number of
power supplies reduces uncertainties in the field mapping introduced by ripple from current
regulation in the power supplies. We find that good configurations may be found using a
single source to power al of the modular coilsin series. However, to include the most sensitive
v = 0.5 rational surfaceit is necessary to add some current to the toroidal field coils (Fig. 6). In
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Fig. 6. Configuration similar to that in
Fig. 1, but using same current in all
modular coils. No current in the PF coils.

these configurations the previous sensitivity to
coil displacements of order 1 mm is recovered.
Future work will focus on developing methods
to identify specific types of coil misalignments.

More extreme possibilities have also been
explored. For instance, a reasonably large
volume of good flux surfaces can be found
using just one of the PF6 coil pair. The
configuration is asymmetric, but does contain
low order rational surfaces useful for testing of
coil aignments.

In summary, configurations have been

found which are sensitive to displacements of modular coils, poloidal field coils and toroidal
field coils at the sub-millimeter level of precision (assuming that e-beam mapping can provide 5
to 10 mm accuracy in the flux surface measurements). Further, it seems possible to isolate the
source of error field to at least the levd of a particular coil set (MC, PFC or TFC), and for the
PF coails, perhapsto individua coils. Further investigations will attempt to identify approaches

to further isolate the source of error.
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